Remodeling of myocyte interconnections may be an important determinant of ventricular tachycardia in regions bordering healed infarcts. We used quantitative electron microscopy to characterize the distribution of gap junctions in 10 canine left ventricles 3-10 wk after coronary occlusion. In three normal canine left ventricles analyzed ultrastructurally, myocardial gap junctions were distributed anisotropically; gap junction profile length was significantly greater in the transverse than in longitudinal planes of section. In infarct border zone tissues, the normal anisotropic distribution was completely abolished and fewer gap junctions per unit intercalated disk length were observed. Analysis of individual gap junction profile length distributions revealed selective disruption of the largest gap junctions that collectively comprised only 9.6% of total junction profiles, but encompassed nearly 40% of aggregate gap junction length in the transverse plane of section. Three-dimensional reconstructions of myocyte interconnections by high resolution quantitative light microscopy of serial sections demonstrated a reduction in the number of cells connected by intercalated disks to a single myocyte from 11.2±1.0 in normal myocardium to 6.5±1.3 in border zone tissues (P < 0.001). Connections of cells in primarily side-to-side apposition were reduced by 75%, whereas primarily end-to-end connections were reduced by only 22% (P < 0.05). These alterations would disproportionately enhance axial resistivity in the transverse direction, potentially contributing to development of reentrant arrhythmias. (J. Clin.
Introduction
The pathogenesis ofreentrant arrhythmias requires both unidirectional block and slow conduction within the reentrant circuit (1) . While a considerable body of evidence has implicated alterations of active membrane properties in the development of conduction abnormalities, more recent observations have indicated that changes in passive myocardial resistivity likely play a role as well (2) (3) (4) (5) (6) (7) (8) . Slow, heterogeneous electrical propaga-tion and complex fractionated electrograms have been observed in fibrotic myocardium with normal cellular active membrane properties, which has led to speculation that alterations of specific patterns of myocyte interconnections in regions bordering healed infarcts may be an important component of the anatomic substrate of reentrant ventricular tachycardia (3, 5, 6, (8) (9) (10) (11) (12) (13) (14) . Spach and Dolber (15) have demonstrated loss of electrical coupling of atrial myocytes oriented in side-to-side apposition due to progressive interstitial fibrosis associated with aging. Others, such as Dillon et al. (5) , have characterized reentrant circuits in healed infarct border zones and have suggested that alterations in side-to-side connections similar to those described in the aged atria may be important determinants of arrhythmogenesis. The present study is an extension of the work of Spach and Dolber and was designed to rigorously quantify the three-dimensional distribution of myocyte interconnections in selected regions of the healed infarct border zones known to be sites of slow heterogeneous propagation critical in reentrant arrhythmogenesis.
We have recently characterized the three-dimensional structure and distribution of gap junctions and patterns of cellular interconnection in normal canine left ventricular myocardium using light and electron microscopic morphometry ( 16, 17) . We observed an extraordinary level ofstructural complexity. For example, the typical canine ventricular myocyte has on its surface -100 gap junctions located in specific domains ofthe intercalated disk and having specific sizes, shapes, and orientations ( 16) . A subset of these junctions includes exceptionally long (up to 8 ,tm in length), ribbon-shaped gap junctions oriented with their long axes transverse to the myocyte longitudinal axis, an arrangement that is likely to minimize shear forces on stiff patches of densely packed channels connecting adjacent cells. These junctions are located in interplicate regions of the intercalated disk. The remaining gap junctions are small discoid structures located within the plicate segment of the intercalated disk. Representative electron micrographs of long interplicate and smaller plicate segment gap junctions are shown in Fig. 1 .
We have also shown that an individual cell is connected by intercalated disks to -10 other cells in variable degrees of side-to-side and end-to-end packing ( 16) . In the present study, we applied a similar quantitative structural approach to characterize the effects ofinterstitial fibrosis on intercellularjunctions in epicardial regions bordering healed canine infarcts. The results indicate that accumulation of interstitial collagen coincides with the disruption and remodeling of intercellular junctions. Long transversely oriented gap junctions appeared to be especially vulnerable and were essentially absent from infarct border zone myocardium. These structural derangements would enhance the anisotropy of cellular connections and disproportionately increase the axial resistivity encountered by a wavefront propagated transverse to the long fiber axis. 
Methods
Tissue preparation for electron microscopic morphometry. Tissue was obtained from 10 adult mongrel dogs of either sex that had previously been subjected to coronary occlusion and from 3 adult mongrel control dogs. Surgical ligation of the left anterior descending coronary artery was performed as previously described (18) . After convalescence under approved veterinary care for 3-10 wk, the animals were reanesthetized with sodium thiopental (20 mg/kg i.v.) and the hearts were excised as previously described (17) . Tissue samples -1 x 1 X 0.2 cm in size were dissected from left ventricular epicardial regions overlying transmural infarcts in the experimental animals and from corresponding left ventricular regions of control animals. The tissue was immersed in modified Karnovsky's fixative (2.0% glutaraldehyde and 1.0% paraformaldehyde in 0.08 M sodium cacodylate buffer containing 2 mM calcium chloride, pH 7.4) and fixed at 40C for at least 12 h. 10-20 tissue blocks measuring 1 X 1 X 0.5 mm were cut from each epicardial tissue sample. A dissecting microscope was used to determine fiber orientation and to aid in selection ofblocks composed of an interspersion of myocytes and collagen. Individual blocks were processed for electron microscopy by postfixation for 15 min in 1.0% osmium tetroxide, dehydration in ethanol, and embedment in Spurr's resin. Thick sections (0.5 Mm) ofeach block were examined light microscopically to verify that myocytes had been cut in planes either parallel or perpendicular to the longitudinal fiber axis and to determine the structural composition of the sample.
A spectrum of structural features ranging from 100% collagenous scar to bundles of normal appearing myocytes separated from other bundles by collagenous septa or even entirely normal myocardium was observed in -150 blocks examined from epicardial infarct border zones. In view of the wide variability in the structural composition of border zone regions and the expectation that the corresponding effects on intercellular connections would range from total disruption in fully scarred regions to negligible alterations within normal appearing myocardium, these regions were not sampled randomly. Rather, we selected specific samples for analysis that were composed ofcardiac myocytes separated by diffuse interstitial fibrosis with maintenance of normal fiber anisotropic orientation. Fibrosis in these samples was exclusively interstitial and did not appear to have been formed by replacement of necrotic myocytes.
Because gap junction membranes are oriented anisotropically in normal canine ventricular myocardium, intercellular junctions had to be analyzed morphometrically in three planes of section orthogonal to the longitudinal fiber axis. In normal tissue, this was accomplished by sectioning independent tissue samples in each orthogonal plane, as reported previously (16) . In the infarct border zone, however, structural heterogeneity made this approach impractical. Thus, sections of individual border zone tissue blocks were analyzed morphometrically in three planes orthogonal to the long fiber axis by first cutting sections in one longitudinal plane (e.g., parallel to the long fiber axis and parallel to the epicardial surface), then reorienting the block in the microtome by 900 to permit sectioning in the other longitudinal plane (parallel to the long fiber axis and perpendicular to the epicardial surface), and finally reorienting the block a second time to prepare sections transverse to the long fiber axis.
A total of 10 blocks ofborder zone tissue (1 from each of 10 animals subjected to coronary occlusion) and a total of 5 blocks from 3 control animals (2 blocks from each of 2 control animals and 1 block from 1 control animal) were analyzed. Ultrathin sections were prepared from each orientation and collected on 200-mesh copper-rubidium grids after fiber orientation had been verified with light microscopy of 0. Quantitative morphometric analysis of electron micrographs. At least five test regions were randomly selected for ultrastructural analysis from each group ofultrathin sections cut in each orientation ofeach tissue block as previously described (16) . Individual test regions were photographed at a final print magnification of x5,000. Then, all portions of each test area containing intercalated disks and gap junction profiles were rephotographed for further analysis at a final print magnification of x24,000. A total of 432 high power micrographs of control tissue and 875 micrographs of fibrotic tissue were analyzed.
Intercalated disk and gap junction profile lengths were measured in each high power micrograph using an electronic stylus and digitizing tablet (Houston Systems Inc., Austin, TX). Data were expressed as gap junction profile length per 100 ,um intercalated disk length, or gap junction profile length per unit myocyte area. The percentages of total section area occupied by cardiac myocytes and by interstitial fibrosis were measured in x5,000 micrographs of each individual test area by placing a point array (1.0 cm interpoint distance) over each 8 X 10 inch micrograph and counting the number ofpoints located over interstitial and noninterstitial structures (19) . In addition to measuring gap junction profile lengths, individual gap junctions were categorized as being located in either plicate or interplicate regions of the intercalated disk. Plicate region gap junctions were defined as those located within the interdigitating adhesive processes of the disk, while interplicate junctions were located in junctional membranes between plicate segments.
Light microscopic analysis ofpatterns of intercellular connection. Additional tissue blocks were analyzed with light microscopy to determine the number of cardiac myocytes to which an individual myocyte of normal and border zone tissue was connected by intercalated disks and to characterize the relative side-to-side or end-to-end orientation of these interconnections. Blocks measuring -1 X 1 X 0.5 mm were dissected from epicardial regions overlying healed transmural infarcts and from corresponding regions of control tissue, postfixed for 15 min in 1.0% osmium tetroxide containing 1.0% potassium ferrocyanide, dehydrated in ethanol, and embedded in Spurr's resin. The addition of potassium ferrocyanide enhanced sarcolemmal staining, thereby facilitating identification of cell borders and specifically junctional membrane at the light microscopic level of resolution ( 16) . A cellular interconnection was tabulated only after unequivocal identification of an intercalated disk between the cells. It was assumed that the presence of one or more intercalated disks connecting two cells at the light microscopic level of resolution indicated electrical interconnection at gap junctions.
A series of40 consecutive sections, each -1.5 uim in thickness, was cut in a plane longitudinal to the long fiber axis from each of four blocks of border zone tissue and four blocks of normal myocardium. Sections were stained with toluidine blue and each section was photographed at a final print magnification of 1,000. Five individual index cardiac myocyte profiles were randomly selected from the 20th section of each set of 40 serial sections, and these index cells and all neighboring myocytes to which they were connected by intercalated sections, the spatial distribution of each interconnection was categorized on the basis of its relative side-to-side or end-to-end orientation according to the following system: Type I, > 75% ofthe lateral borders of the two cells overlapped; Type II, 25-75% lateral border overlap; Type III, < 25% lateral border overlap and < 50% end-to-end overlap; Type IV, < 25% lateral border overlap and > 50% end-to-end overlap. Schematic diagrams of these types of connections are illustrated in Fig. 2 .
Statistical analysis. Data were expressed as means±SD. Morphometric data were analyzed by nonparametric Wilcoxon tests (20) except as noted. Histograms of gap junction profile lengths were examined by analysis of covariance (20). Because of the skewed lognormal distributions, analysis of covariance was performed following logarithmic transformation of the data with the log values as the dependent variables. Independent variables included the log ofthe bin, the group, and the interaction between the two. The first two bins in each histogram were eliminated as outliers that violated the overall pattern ofthe distribution. Accordingly, the statistical analysis does not apply to the two smallest bins of gap junction profile length. The data were also tested with x2 analysis ofthe percentage of profiles above and below an arbitrary cut offof 3.0 Am. x2 analysis was also used to test the dichotomous distribution ofgap junctions in plicate and interplicate regions of intercalated disks (20). Nonparametric Wilcoxon tests were used to test differences in each connection type between normal regions and border zone regions (shown in Table I ). The significance ofthe percent reductions of specific intercellular connection types was tested using analysis of covariance on a rank transformation of the data.
IP NO Fig. 3 . In normal tissues, the interstitium occupied -6% of section area, a value similar to those reported in previous morphometric studies of canine ventricular myocardium (21) . In border zone regions, interstitial space encompassed -22% of total sectional area in samples analyzed by electron microscopy and -15% in samples analyzed by light microscopy. Expansion of the interstitial space was due to accumulation of bundles of collagen fibrils, as shown in a representative electron micrograph (Fig. 4) .
Results of morphometric analysis of gap junction size and distribution in normal and infarct border zone regions are shown in Figs. 5 and 6. Because no significant differences were observed in any parameter analyzed in the longitudinal planes perpendicular and parallel to the epicardial surface, data from these two planes were pooled and are referred to in Figs. 5-7 as the longitudinal planes of section. As shown in Fig. 5 , the anisotropic distribution of gap junction profile length is readily apparent in normal canine myocardium. Whether expressed as gap junction profile length per unit myocyte area or per unit intercalated disk length, values observed in the transverse planes of section were significantly greater than those in the longitudinal planes. As demonstrated previously, the anisotropic distribution is a consequence of long, ribbon-shaped gap junctions, located in interplicate segments, and having their long axes oriented transverse to the long fiber axis. Thus, as shown in Fig. 6 , the average individual gap junction profile length in normal ventricular myocardium was greater in the transverse than in the longitudinal planes of section (1.35 vs. 0.87 um, respectively). However, the number of gap junction profiles was the same in both orientations (12.9 vs. 13.2 profiles/ 100 ,gm intercalated disk length in longitudinal and transverse planes of section, respectively [ Fig. 6]) .
In marked contrast to the pattern observed in normal myocardium, the anisotropic distribution of gap junction length was significantly altered in the fibrotic myocardium of the in- farct border zone (Fig. 5) . Compared with normal tissue, there was a significant reduction in gap junction profile length in both longitudinal and transverse planes ofsection, but this decrement was far greater in the transverse plane, such that gap junction length per unit myocyte area or intercalated disk length became equivalent in both orientations. The reduction in aggregate gap junction profile length in border zone tissues was the result of there being fewer individual profiles per unit disk length in both longitudinal and transverse orientations (Fig. 6 ), although the difference in the transverse plane failed to achieve statistical significance due to a relatively large standard deviation. Nevertheless, these data indicate that the increase of interstitial fibrosis coincided with a disruption ofcell junctions with fewer individual gap junction profiles per unit intercalated disk length. Moreover, the average length ofan individual gap junction in border zone samples was significantly reduced in the transverse plane but not in the longitudinal planes (Fig.  6 ). These observations suggest that long, ribbon-shaped gap junction profiles, known to have their long dimensions oriented transverse to the longitudinal fiber axis, may be selectively disrupted in fibrotic tissue.
Histograms of the distribution of individual gap junction profile lengths in the transverse and longitudinal planes of section of normal and infarct border zone samples are shown in Fig. 7 to be due to a subset of long gap junctions (arbitrarily defined as having a profile length > 3.0 Am), apparent only in the transverse plane of section. In the "normal transverse" histogram, 17 of 178 gap junction profiles were > 3.0 Mm in length. Although only 9.6% ofthe total number of profiles, these junctions comprised 37.5% of the aggregate gap junctional length in the transverse plane of section. Because the "short" axes of these long, ribbon-shaped gap junctions are oriented parallel to the longitudinal fiber axis, few long profiles are observed in normal tissue cut in the longitudinal planes of section (Fig. 1) . In contrast to the transverse profile length distribution of normal tissue, infarct border zone samples showed a marked paucity of long gap junction profiles in the transverse plane (Fig. 7, bottom left) . Only 2 of 244 (< 1%) profiles in the "border zone transverse" histogram had a length > 3.0 um, compared with 9.6% in normal tissues (P < 0.001). Thus, loss of the anisotropic junction distribution and reduction of the average gap junction profile length in the transverse plane of infarct border zone samples (shown in Figs. 5 and 6) were due to selective disruption of the longest gap junction profiles.
In the longitudinal planes of section, no significant differences were found in the gap junction length distribution of Figure 7 . Histograms ofgap junction profile length distributions in transverse and longitudinal planes of section in normal and border zone test areas. Using analysis of covariance, significant differences were found between normal longitudinal and normal transverse planes (P = 0.032), reflecting the normal anisotropic distribution ofgap junctions, and between normal transverse and border zone transverse planes (P < 0.0001), indicating disruption and loss of long, ribbon-shaped gap junctions. No significant differences were observed between normal longitudinal and border zone longitudinal, or between border zone transverse and border zone longitudinal. normal and border zone tissues (Fig. 7) , consistent with the observation that the average individual gap junction profile length seen in the longitudinal planes did not change in fibrotic tissue (Fig. 6) . Because the short axes (longitudinal dimensions) of the long, transversely oriented, ribbon-shaped junctions have been shown previously to have a mean length of -1 um, selective disruption of these junctions in fibrotic tissue would not result in a decrease in the average profile length observed in longitudinal planes, but would cause reduction in aggregate profile length and the total number ofgap junction profiles per unit intercalated disk, as shown in Figs. 5 and 6 .
The long, ribbon-shaped gap junctions of normal ventricular myocardium have been shown previously to reside exclusively in interplicate segments, whereas smaller discoid shaped junctions are located within interdigitating adhesive elements of the plicate segment of the intercalated disk (16) . Selective disruption of these long, interplicate segment gap junctions in infarct border zone tissue would be expected to decrease the proportion of total gap junctions residing in interplicate segments. Accordingly, the percentages of total gap junction profiles located in interplicate segments of normal tissues and infarct border zone samples were assessed in both longitudinal and transverse planes of section. In normal tissues, 66% of all gap junction profiles were found in interplicate segments, while the remaining gap junction profiles were located within plicate segments. In fibrotic samples, the proportion of total gap junction profiles identified in interplicate segments decreased significantly to 52% (P < 0.001). These data are concordant with observations shown in Fig. 6 that long transversely oriented gap junction are selectively lost in infarct border zone samples.
Light microscopic morphometry of intercellular connections. Whereas results of electron microscopic morphometry showed disruption of intercellular junctions in infarct border zone tissues, these observations did not indicate whether fewer cells were actually interconnected to one another or whether fewer connections existed between any given cell pair without a reduction in the total number of interconnected cells. In addition, because the ultrastructural analysis did not indicate the relative extent to which side-to-side and end-to-end cell interconnections were disrupted in infarct border zones, light microscopic morphometry was performed to answer these questions. Fig. 8 shows representative fields of normal and border zone myocardium stained to enhance cell borders and permit threedimensional reconstruction of cellular interconnections in serial sections. Cellular interconnections were scored only when a clearly identifiable intercalated disk was observed between the cells.
The number of cells connected to an individual ventricular myocyte was reduced significantly from 1 
Discussion
Results of this quantitative structural study indicate that modest accumulation of collagen in the healed canine infarct border zone that is sufficient to increase the interstitial space from a normal value of -6% to 15-20% while maintaining myocyte fiber anisotropy, is associated with disruption ofintercellular junctions and a marked reduction in the number of intercellular connections. Electron microscopic morphometry revealed that the largest connexon arrays in the heart, arranged in long, ribbon-shaped transversely oriented gap junctions, are selectively disrupted. Light microscopic reconstruction of cellpacking patterns indicated that the total number of cell-to-cell contacts is substantially reduced and that side-to-side connections are selectively affected. These structural alterations are summarized in Fig. 9 . Structural abnormalities in regions bordering healed infarcts in the present study varied from extremes ofdense collagenous scar to relatively normal myocardium. Often, this range of structural alteration occurred over a distance of only 1-2 mm. Relatively small areas of the border zone were actually composed of the interspersion of myocytes and interstitial collagen that constituted the tissue sample analyzed in the present study. This pattern of interstitial fibrosis with maintained tissue anisotropy is one of multiple potential anatomic substrates of ventricular tachycardia that have been identified in areas bordering both human and canine infarcts (5, 6, 8, (10) (11) (12) (13) (14) (23) (24) (25) .
Although the results of the present study indicate that border zone myocytes contain fewer gap junction profiles per unit intercalated disk length and that the longest profiles (> 3.0 ,gm) are selectively disrupted, it is not known whether only the longest profiles are lost, or whether both long and short profiles become disrupted, or whether long profiles become converted to shorter profiles. Our observations suggest, however, that gap junctional membrane is reduced by a greater extent than overall intercalated disk junctional membrane. Because the longest, Results ofthe present study also provide insights into mechanisms of fractionated electrograms that have been observed in tissues prone to arrhythmias (26) (27) (28) . In experimental canine infarcts, complex fractionated electrograms are not apparent during the early phase ofinfarct healing but occur and persist as the necrotic myocardium is resorbed and replaced by collagenous scar tissue that also affects the spatial orientation and packing of surviving myocytes at the infarct edge (8, 11) . Gardner et al. have suggested that alterations in intercellular junctions accompanying interstitial fibrosis were responsible for the appearance of fractionated electrograms, and for slow heterogenous propagation in epicardial infarct border regions (1 1). Before the present study, however, no quantitative structural data on myocyte connections in infarct border zones were available to substantiate this conclusion. Our results provide a more detailed understanding of the structural basis underlying slow propagation, conduction block, and fractionated electrograms, all of which appear to be important determinants of arrhythmogenesis.
